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COMPACT WIDEBAND RADIO FREQUENCY
ANTENNA SYSTEMS AND ASSOCIATED
METHODS

BACKGROUND

An antenna 1s a radio frequency (RF) transducer device
that can act as a transition between an RF transmission line
and free space propagation. As such, an antenna can be used
to transmit RF signals into free space or receive signals
therefrom. An ongoing trend in the wireless industry 1s to
create smaller and smaller devices and systems for use 1n
communications and other wireless applications. Military
wireless applications are also trending toward smaller
devices and platforms for RF systems. At the same time, the
demand for system bandwidth is increasing in both com-
mercial and military systems. There 1s also a desire to add
turther functionality to RF systems for performing addi-
tional tasks. It 1s often desired that this additional function-
ality be added without a corresponding increase 1n system
size. This can require the collocation of different types of
radiating systems within a given small volume.

SUMMARY

Antenna structures and combined optical/RF transducer
systems are disclosed that are capable of implementation
within a small physical volume. In some implementations,
the antenna structures are capable of wideband RF perior-
mance. For example, 1n one embodiment, a compact antenna
structure provides a return loss of -6 db or better across an
ultrawideband (UWB) operational frequency range ifrom
0.65 GHz to almost 5 GHz. In this embodiment, the antenna
1s implemented in a volume defined by a cylinder having a
diameter of 2.75 inches. As will be appreciated, this 1s a very
small space for an antenna operative at 0.65 GHz. Because
the antenna structures are capable of compact implementa-
tion, they are well suited for use in applications having
limited available space (e.g., missile systems, aircrait, small
devices, cell towers, and other small platiorms). The wide
RF frequency range capabilities of the antennas can support
multiple RF applications at the same time, including, for
example, communications, global positioning system (GPS)
support, radar tracking, radar guidance, and/or others.

In some implementations, an antenna system includes
multiple monopole radiating elements disposed above a
common ground plane. The number of monopole radiating
clements may be a multiple of two 1 some embodiments,
with each element pair being located on or near opposing,
edges of the ground plane. In a missile implementation, the
ground plane may include a circular conductive surface that
1s substantially orthogonal to the direction of travel of the
missile. In such an implementation, the monopole radiating,
clements may be conformal to an inner or outer dielectric
surface of a radome associated with the nosecone of the
missile (although non-conformal missile-based embodi-
ments also exist). Other configurations may alternatively be
used. The antenna structures described herein may be imple-
mented 1n a relatively low profile manner.

In some embodiments, the monopole elements may be
used as both transmit elements and receive elements. Signal
processing circuitry may also be provided for generating
transmit signals and for processing and analyzing receive
signals. The disclosed antenna structures may be operated as
antenna arrays with beamforming capabilities 1n some
implementations. This makes them usetul for, for example,
anti-radiation homing applications in maissiles. The struc-
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2

tures may also, or alternatively, be used to support, for
example, multiple input/multiple output (MIMO) operation,
monopulse and/or other radar applications, and/or applica-
tions that rely on polarization rotation capabilities. In some
embodiments, the disclosed antenna structures may be used
to provide adaptive diversity schemes due to the various
clements and possible combination among them based on
the dependency of the correlation coellicients on the various
scattering environments.

In some 1mplementations, RF antennas are provided that
allow one or more other types of transducers to share an
implementation space. For example, in some implementa-
tions, optical transducer systems are collocated with an RF
antenna system 1n a confined space. In at least one embodi-
ment, a ground plane used for the monopole radiating
clements includes an opening in a central region thereof. The
opening 1s used to allow optical equipment or an optical
signal flow path to extend through the ground plane 1n a
manner that does not significantly degrade RF operation. In
a missile nosecone implementation, for example, an opening
may be provided to allow optical fiber transmission lines to
extend from an optical source behind the ground plane to an
optical element (e.g., a lens) 1n front of the ground plane.
Other types of optical structures may alternatively extend
through the opening in the ground plane. In other 1imple-
mentations, the opening may be used to allow unguided light
to propagate through the ground plane.

In at least one embodiment, openings may also be pro-
vided 1n one or more of the monopole radiating elements.
These openings may likewise be used for implementing
collocated optical applications. In some embodiments, as
will be described 1n greater detail, these opemings may
alternatively be used to provide an aperture for additional
RF radiation/reception activity. In some embodiments, 1n
addition to the multiple monopole radiating elements, the
ground plane may also be used to support operation of one
or more other antennas. For example, 1n one embodiment, a
microstrip patch array or dipole array may be implemented
over the ground plane. The patch array may be configured to
radiate 1n a region 1n front of the ground plane (1.e., like the
monopole elements) or a region behind the ground plane. In
some embodiments, the monopole elements, the one or more
additional antennas, and the optical equipment may all be
implemented 1n a small confined region.

In accordance with one aspect of the concepts, systems,
circuits, and techniques described herein, a transducer sys-
tem comprises: (a) an antenna subsystem including: (1) a
ground plane having an opening 1n a central region thereof;
and (11) first and second monopole radiating elements dis-
posed adjacent to a surface of the ground plane, wherein the
first and second monopole radiating elements are disposed
near opposing edges of the ground plane; and (b) an optical
transducer subsystem extending through the opeming in the
ground plane of the antenna.

In one embodiment, the antenna subsystem further com-
prises third and fourth monopole radiating elements dis-
posed adjacent to the surface of the ground plane, wherein
the third and fourth monopole radiating elements are dis-
posed near opposing edges of the ground plane at different
locations from the first and second monopole radiating
clements.

In one embodiment, the optical transducer subsystem
includes an optical element to capture a light signal, an
optical detector to detect the light signal, and an optical path
coupling the optical element and the optical detector,
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wherein at least one of the optical element, the optical path,
and the optical detector extends through the opeming 1n the
ground plane.

In one embodiment, the optical transducer subsystem
includes an optical source to generate a light signal, an
optical element to transmit the light signal, and an optical
path coupling the optical source and the optical element,
wherein at least one of the optical source, the optical path,
and the optical element extends through the opening 1n the
ground plane.

In one embodiment, the first and second monopole radi-
ating elements each include an opening therein for use as an
optical aperture.

In one embodiment, the transducer system 1s located
within a missile.

In one embodiment, the first and second monopole radi-
ating elements are conformal to an 1nner or outer surface of
a nosecone radome of a missile.

In one embodiment, the ground plane 1s circular in shape.
In one embodiment, the opening 1n the ground plane 1s
circular 1n shape.

In accordance with another aspect of the concepts, sys-
tems, circuits, and techniques described herein, an antenna
system comprises; (a) a ground plane; and (b) first and
second monopole radiating elements disposed adjacent to a
surface of the ground plane, wherein the first and second
monopole radiating elements are disposed near opposing
edges of the ground plane.

In one embodiment, the first monopole radiating element
and the ground plane have a first radiation pattern and the
second monopole radiating element and the ground plane
have a second radiation pattern; and the antenna system
turther comprises a beamforming unit coupled to the first
and second monopole radiating elements to form a compos-
ite radiation pattern for the first and second monopole
radiating elements that 1s a combination of the first and
second radiation patterns, wherein the composite radiation
pattern has a null in a direction normal to the surface of the
ground plane.

In one embodiment, the antenna system 1s located 1n a
missile; and the composite radiation pattern has a null 1n a
direction of travel of the missile.

In one embodiment, the first and second monopole radi-
ating elements each include an opening therein.

In one embodiment, the first and second monopole radi-
ating elements each have a goal post configuration.

In one embodiment, the openings within the first and
second monopole radiating elements serve as optical aper-
tures.

In one embodiment, the openings within the first and
second monopole radiating elements serve as secondary
radio frequency (RF) apertures.

In one embodiment, the ground plane includes an opening,
in a central region thereof and an optical transducer subsys-
tem extends through the opening in the ground plane.

In one embodiment, the antenna system 1s located 1n a
missile; and the first and second monopole radiating ele-

ments are conformal to an inner or outer surface of a
nosecone radome of the missile.

In one embodiment, the antenna system further comprises
at least one additional monopole radiating element disposed
adjacent to the surface of the ground plane, wherein the at
least one additional monopole radiating element 1s located
near an edge of the ground plane at a different location than
the first and second monopole radiating elements.
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In one embodiment, the antenna system further comprises
an array of radiating elements located adjacent to the ground

plane 1n a region between the first and second monopole
radiating elements.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features may be more fully understood
from the following description of the drawings 1n which:

FIG. 1 1s a diagram 1llustrating a missile that may include
a transducer system 1n accordance with an embodiment;

FIG. 2 1s a diagram 1illustrating an exemplary antenna
system 1n accordance with an embodiment;

FIGS. 3A and 3B are diagrams illustrating tilted radiation
patterns associated with monopole radiating elements dis-
posed on or near an edge of a circular ground plane;

FIG. 3C 1s a diagram illustrating a composite radiation
pattern formed by combining the patterns of FIGS. 3A and
3B;

FIG. 4 1s a diagram 1illustrating an approximately rectan-
gular monopole radiating element disposed on an inner
surface of a missile radome 1n accordance with an embodi-
ment;

FIG. 5 1s a diagram illustrating an approximately trian-
gular monopole radiating element disposed on an 1nner
surface of a missile radome 1n accordance with an embodi-
ment,

FIG. 6 1s a plot illustrating simulated return loss as a
function of frequency for the antenna of FIG. 2;

FIG. 7 1s a diagram 1illustrating an exemplary antenna
arrangement having an opening in a ground plane for use 1n
implementing a combined RF-optical transducer system 1n
accordance with an embodiment;

FIG. 8 1s a plot illustrating simulated return loss for the
antenna of FI1G. 7;

FIG. 9 1s a diagram 1illustrating another exemplary
antenna system 1n accordance with an embodiment;

FIG. 10 1s a diagram illustrating an exemplary antenna
system that represents a modification of the antenna system
of FIG. 9 1n accordance with an embodiment;

FIG. 11 1s a plot illustrating simulated return loss for the
antenna of FIG. 9;

FIG. 12 1s a plot illustrating simulated return loss for the
antenna of FIG. 10;

FIG. 13 1s a diagram illustrating an exemplary antenna
system having a separate array antenna on a ground plane
between monopole elements 1n accordance with an embodi-
ment,

FIG. 14 1s a plot illustrating simulated return loss for the
antenna of FIG. 13;

FIG. 15 1s a diagram 1illustrating an exemplary combina-
tion RF-optical transducer system that uses a ground plane
structure as both an RF ground plane and an optical reflector
in accordance with an embodiment;

FIG. 16 1s a plot illustrating simulated return loss as a
function of frequency for the RF-optical transducer system
of FIG. 15;

FIG. 17 1s a diagram 1illustrating another exemplary com-
bination RF-optical transducer system that uses a ground
plane structure as both an RF ground plane and an optical
reflector 1n accordance with an embodiment;

FIG. 18 1s a plot illustrating simulated return loss as a
function of frequency for the combination RF-optical trans-
ducer system of FIG. 17;

FIG. 19 1s a block diagram illustrating exemplary pro-
cessing circuitry that may be used with one or more of the
RF-optical transducer systems described herein; and
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FIGS. 20q and 206 are diagrams illustrating some missile
applications that may make use of RF/optical transducer
system described herein.

DETAILED DESCRIPTION

Radio frequency (RF) antenna and combined RF and
optical transducer systems are disclosed that are capable of
implementation within a relatively small, compact region. In
various embodiments, systems having wide bandwidths are
provided. As will be described 1n greater detail, in various
embodiments, ground planes are provided that may be
shared amongst various applications being implemented
within a confined space. As used herein, the phrase “ground
plane” 1s defined in the broader sense of a grounded elec-
trically conductive surface that 1s not necessarily limited to
a particular shape, such as a flat planar shape (although flat
planar ground planes are used 1n some embodiments).

There are many RF applications where space for imple-
menting transmission and/or reception equipment 1s limited.
These applications include, for example, RF systems for
missiles and other projectiles, RF systems for aircraft, RF
systems for small handheld devices, cell towers, RF systems
tor laptop, tablet, and desktop computers, wireless security
systems with optical/RF, and others. FIG. 1 1s a diagram
illustrating an exemplary missile 10 that may include RF
transmission and reception equipment in accordance with an
embodiment. This equipment may be used, for example, for
missile target tracking and guidance tunctions. Typically, in
a missile application, some or all of the RF equipment may
be implemented 1n or near the nosecone 12 at the front of the
missile 10. For example, the nosecone 12 may include one
or more antennas for the RF systems on board. A problem
with this 1s that many modern missiles are small 1n size with
very limited space. Many missiles, for example, have diam-
cters of only a few inches, leaving little room for internal
systems. This problem 1s exacerbated by the fact that many
modern RF systems are requiring greater and greater opera-
tional bandwidths, including bandwidths that extend to
lower frequencies. As 1s well known, antennas that are
operative at lower frequencies are typically larger in size
than higher frequency antennas. Thus, 1t 1s diflicult to design
antennas for lower frequency applications that fit 1n small
volumes. As will be described in greater detail, antenna
systems and techniques are provided herein that are capable
of compact implementation while providing relatively
broadband operation. In some embodiments, hybrid RE/op-
tical transducer systems are provided that are also capable of
compact 1mplementation. In the discussion that follows,
antenna systems and hybrid systems will be described 1n the
context of a missile implementation. It should be appreci-
ated, however, that many of the concepts, features, struc-
tures, systems, and techniques described herein also have
use 1n various other applications.

FIG. 2 1s a diagram 1illustrating an exemplary antenna 14
in accordance with an embodiment. As shown, the antenna
14 includes a ground plane 16 and first and second monopole
radiating elements 18, 20. Other types of radiating elements
may be used in other implementations including, for
example, half bow tie elements, hall Z monopole elements,
and/or others. The monopole elements 18, 20 may each be
located near an outer edge of the ground plane 16, on
opposite sides thereof. As shown i FIG. 2, the monopole
clements 18, 20 may be orniented 1n a perpendicular or near
perpendicular direction with respect to the ground plane 16
in some embodiments. However, other orientations are also
possible. Both elements 18, 20 use the ground plane 16 to
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6

facilitate transmission and/or reception of RF signals
to/from a surrounding wireless environment. The monopole
clements 18, 20 may be fed by, for example, coaxial cable
feeds extending through the ground plane 16 or 1n some
other manner. In at least one implementation, 1t was found
that the arrangement of FIG. 2 was capable of achieving a
relatively wide operational bandwidth 1 a relatively com-
pact form. For example, in one implementation, an opera-
tional bandwidth from approximately 0.65 GHz to approxi-
mately 5 GHz was achieved within a nosecone diameter of
2.75 1nches using rectangular monopole e¢lements of
approximately 0.8x2.8 inches.

In a conventional monopole arrangement, a single mono-
pole element 1s situated above a ground plane 1n a central
region thereof. The ground plane forms an i1mage of the
monopole which combines with the monopole itself to form
a radiation pattern similar to that of a dipole. In conceiving
the antenna structure 14 of FIG. 2, 1t was determined that a
monopole element could be moved outwards toward an edge
of a ground plane and still be usable. It was also found that
at least one additional monopole element could be added at
one or more other edge locations around the ground plane.
Signal processing can be used to achieve a desired total
radiation pattern using multiple monopoles in the above-
described arrangement.

FIG. 3A 1s a diagram 1illustrating an exemplary radiation
pattern 30 of a single monopole radiating element disposed
above a circular ground plane near an edge thereof. As
shown, the radiation pattern 1s essentially a tilted version of
a conventional monopole pattern, with a little shape distor-
tion. FIG. 3B 1s a diagram illustrating a similar tilted
radiation pattern 32 associated with a monopole radiating
clement disposed near the edge on an opposite side of the
circular ground plane. As shown, the shape i1s substantially
the same, but the pattern 1s tilted 1n the opposite direction.
Using signal processing, the two patterns can be combined
to achieve a desired composite pattern for the antenna. For
example, 1n some missile systems, an RF null 1s desired 1n
the direction of movement of the missile. In such a system,
the two beams 30, 32 of FIGS. 3A and 3B can be combined
using appropriate phasing (e.g., 90 degree phase difference)
to generate the composite pattern 34 of FIG. 3C having a
null 1n the direction of movement. Diflerent phasing may be
used to achieve other composite patterns (e.g., a pattern with
a maximum 1n the direction of travel of the missile, etc.).

As described above, 1n the illustrated embodiment, two
monopole elements 18, 20 are located near an edge of a
ground plane 16 on opposite sides thereot. In other embodi-
ments, one or more additional pairs of opposing monopole
clements may be added to the antenna arrangement 14 of
FIG. 2. Each pair of elements may increase the ability of the
antenna 14 to find and/or track targets-of-interest about a
missile. The more elements that are used, the more targets
can be simultaneously identified. Furthermore, the use of
additional elements also increases the ability of the system
to support adaptive diversity techniques (e.g., spatial diver-
sity, polarization diversity, beamforming, etc.). In some
embodiments, the different pairs of elements are distributed
at equal angular intervals about the circumierence of the
ground plane 16. For example, 1n one embodiment, two pairs
of monopole elements are used, with one element at each 90
degree 1interval about the ground plane 16. In another
embodiment, three pairs of elements are used, with one
clement every 60 degrees, and so on. In some embodiments,
radiating elements are not grouped 1n pairs.

In various implementations, signal processing circuitry
may be provided to process signals received by or delivered
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to the various monopole elements to achieve one or more
desired results. For example, as described above, 1n some
implementations, digital or conventional beamforming tech-
niques may be used to process signals associated with all or
selected subgroups (e.g., pairs) of elements to achieve a
desired antenna pattern. Other processing techniques may
also, or alternatively, be used including, for example, MIMO
techniques, monopulse techniques, location finding tech-
niques using scalar sensors or vector sensors (polarization),
radar applications, reconfigurable arrays, and/or others.

Referring back to FIG. 2, 1n at least one embodiment, the
monopole elements 18, 20 may be conformal to an interior
or exterior surface of a radome forming the nosecone of a
missile. Using this approach, the least possible interior space
within the nosecone 1s consumed by the monopole elements.
FIG. 4 1s a diagram 1illustrating an approximately rectangular
monopole element 40 disposed on an inner surface of a
radome 42 of a missile. Because the monopole element 40
1s conformal to the surface of the radome, 1t may be a three
dimensional structure and not a two dimensional rectangle.
Similar elements may be disposed at other angular locations
on the radome 42. Other element shapes may also be used.
For example, FIG. 5 shows a triangular monopole element
44 on an inner surface of a radome 42. The radome 42 may
be formed of a very low loss, high strength dielectric
matenal (e.g., quartz, fused silica, ceramic materials, silicon
nitride, and/or others).

FIG. 6 1s a plot illustrating exemplary return loss simu-
lation results for the monopole elements 18, 20 of the
antenna 14 of FIG. 2. To test the potential eflect of radome
mounting, monopole element 20 was adhered to a layer of
quartz material for the test. Monopole element 18 was tested
without a quartz layer. Curve 46 in FIG. 6 represents the
simulated return loss versus frequency for monopole ele-
ment 18 (without quartz) and curve 48 represents the simu-
lated return loss versus frequency for monopole element 20
(with quartz). As shown, both elements are capable of
providing adequate mput return loss over the frequency band
of interest. In addition, the reduction 1n return loss caused by
the presence of the quartz 1s relatively small.

In some systems, it may be desirable to add one or more
additional transducers to a missile radome to provide addi-
tional transmission/reception functionality. For example, in
some systems, 1t may be desirable to add optical equipment
to a missile to provide one or more optics-based capabilities.
In some embodiments, a combination RF and optical trans-
ducer system 1s provided that includes both RF antenna
functionality and optical functionality co-located within a
common compact system. FIG. 7 1s a diagram 1llustrating an
exemplary antenna arrangement 50 that may be used to
provide such a combination system. As shown, the antenna
arrangement 30 may include a ground plane 52 and first and
second monopole elements 54, 56, as before. However,
unlike the antenna 14 of FIG. 2, the ground plane 52 of FIG.
7 includes an opening 38 1n a central region thereof through
which optical equipment and/or signals may pass for use in
performing optical transmission and/or reception applica-
tions. It was determined that little or no RF performance
degradation would result in the RF antenna 1f optical ele-
ments extended through a central portion of the ground
plane 52.

Although not shown 1n FIG. 7, various diflerent types of
optical equipment may be used within a missile and any of
this equipment may extend through the opening 58 in the
ground plane 52. This may include, for example, optical
fiber connecting an optical source behind the ground plane
to an optical element (e.g., a lens) i front of the ground
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plane, optical fiber coupling optical detection circuitry
behind the ground plane to an optical element 1n front of the
ground plane 52, lenses, metamaterial lenses, dielectric
metamaterials (e.g., window 90 1n FIG. 9), dielectric polar-
1zers, optical fibers, bundles of optical fibers, prisms, liquid
crystal polarizers, and/or others. The dielectric metamaterial
window 90 1 FIG. 9 allows the opportunity to see back-
wards as well (for negative index of refraction metamateri-
als) for light going through or coming from the back. In
various embodiments, unguided light may pass through the
opening 58 during normal operation. Various optical devices
may be placed just underneath the ground plane to detect or
generate such light. In some embodiments, optical fibers,
lenses, and other optical structures passing through the
opening 58 in the ground plane 52 may be formed of a
relatively low loss or lossless dielectric material such as, for
example, quartz, fused silica, ceramic matenals, silicon
nitride, and/or others. Furthermore, layers of these materials
combined can introduce new properties (e.g., dielectric
metamaterials, etc).

In some embodiments, the above-described approach may
allow optical equipment to be added to the nosecone region
of a missile with no increase 1n size of the region. That 1is,
the optical equipment may be collocated with the wideband
RF antenna equipment within the same small available
space, with little or no degradation in RF performance. It
was also found that, within certain limits, the RF antenna
performance was not significantly affected by increases in
the size of the opening in the ground plane. For example, in
one test, the diameter of an opening in a ground plane was
doubled from 2 c¢cm to 4 cm with little effect on antenna
performance.

FIG. 8 1s a plot illustrating simulated return loss versus
frequency for the monopole elements 34, 56 of the antenna
50 of FIG. 7 that includes an opening through a correspond-
ing ground plane. As before, one of the elements (i.e.,
clement 56) was adhered to a quartz layer for testing and the
other was not. Curve 70 1n FIG. 8 represents the simulated
return loss versus Irequency for monopole element 34
(without quartz) and curve 72 represents the simulated
return loss versus frequency for monopole element 56 (with
quartz). As before, the reduction in return loss caused by the
presence of the quartz 1s relatively minor. In addition, a
comparison of the plot of FIG. 8 to the plot of FIG. 6 shows
that the addition of the opening 38 to the ground plane had
little effect on RF performance.

In the description above, various features and techniques
were discussed 1n the context of a missile application. As
described previously, techniques and systems of the present
disclosure may be implemented 1n a wide variety of different
applications and are not limited to missile-based implemen-
tations. In the previously described embodiments, the
ground plane was illustrated as being circular as this shape
1s well suited for missile applications. However, other
ground plane shapes may alternatively be used (e.g., square,
rectangular, triangular, etc.). FIG. 9 1s a diagram 1illustrating
an exemplary antenna system 80 in accordance with an
embodiment that includes a square ground plane. As shown,
the antenna system 80 1ncludes a ground plane 82 having an
opening 84, and first and second monopole radiating ele-
ments 86, 88. The ground plane 82 1s square as 1s the
opening 84. Other shapes may alternatively be used. As
betore, the opening 84 in the ground plane 82 may be used
to accommodate optical transducer related equipment or
signals to implement a combination RF and optical trans-
ducer system. The first and second monopole radiating
clements 86, 88 are located near the edges of the ground
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plane 82, on opposite sides thereof. As described previously,
additional monopole radiating elements may be added to the
antenna structure 80 at different locations about the edge of
the ground plane 82. The first and second monopole radi-
ating elements may be conformal to a radome surface 1n
non-missile applications as well as 1n missile applications.

As shown 1n FIG. 9, the monopole radiating elements 86,
88 may each have a corresponding opening 90, 92 through
a central portion thereof. As with the opening 84 1n the
ground plane 82, 1n some implementations, the openings 90,
92 may be used to accommodate optical equipment or
signals. For example, 1n some implementations, the open-
ings 90, 92 may form optical apertures for the antenna
system 80. However, in other implementations, the openings
90, 92 1n the monopole clements 86, 88 may be used 1n a
different manner. For example, 1n some implementations,
the openings 90, 92 may be used as secondary RF apertures.
For example, a dipole radiating element could be situated
within or behind each of the openings 90, 92 1n the mono-
pole elements 86, 88 to transmit and/or receive signals 1n a
different frequency band. Other antenna types may alterna-
tively be used. In some embodiments, an array antenna may
be implemented within one or more of the openings 90, 92.
The antennas implemented within the openings 90, 92 may,
in some embodiments, be operative in a frequency band
above the highest frequency of the monopole elements 86,
88. In this manner, an even higher overall RF bandwidth can
be achieved.

FIG. 10 1s a diagram 1illustrating an exemplary antenna
system 94 1n accordance with another embodiment. The
antenna system 94 represents a modification of the system of
FIG. 9. As shown, the antenna system 94 includes a ground
plane 95 having an opening 96, and first and second mono-
pole radiating elements 97, 98. The first and second mono-
pole radiating elements 97, 98 have a “goal post” configu-
ration with an opening having an open top. As in the
previous embodiment, the opening may be used as an optical
aperture or as an additional RF aperture 1in some embodi-
ments. Additional monopole radiating elements may also be
added to the ground plane 95.

FIG. 11 1s a plot illustrating simulated return loss versus
frequency for the monopole elements 86, 88 of the antenna
80 of FIG. 9 having openings 90, 92 therein. As shown, the
elements 86, 88 maintain a return loss of =6 dBa or better for
a frequency range from approximately 0.76 GHz to approxi-
mately 4.18 GHz. The overall performance 1s worse than the
performance shown in FIG. 8 for the antenna 350 of FIG. 7,
but 1s still suflicient for many applications. FIG. 12 1s a plot
illustrating simulated return loss for the monopole elements
07, 98 of the antenna 94 of FIG. 10. As shown, the elements
07, 98 maintain a return loss of -6 dBa or better for a
frequency range from approximately 0.71 GHz to approxi-
mately 4.25 GHz. Thus, the bandwidth of the antenna 94 of
FIG. 10 1s wider than that of the antenna 80 of FIG. 9.

In some embodiments described above, an opening was
used 1n a ground plane shared by multiple monopole ele-
ments to implement a collocated optical system. In other
embodiments, a ground plane region between monopole
clements may be used to implement other RF transducer
systems. For example, FIG. 13 1s a diagram 1illustrating an
exemplary antenna system 100 that uses such a region to
implement a phased array antenna in accordance with an
embodiment. As shown, the antenna system 100 includes: a
ground plane 102, first and second monopole radiating
clements 104, 106, and a plurality of patch radiating ele-
ments 108 arranged in a grid configuration. All of the
clements 104, 106, 108 utilize the ground plane 108 to
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facilitate RF transmission and/or reception operation. The
array antenna formed by the elements 108 1s a separate
antenna from the antenna having monopole elements 104,
106. The array antenna may, for example, be operative 1n a
different, non-overlapping Irequency band. The array
antenna may also have a different far field pattern and may
support a diflerent function for the underlying platform than
the antenna having the monopole elements 104, 106.

Although shown with nine array elements, 1t should be
appreciated that any number of elements may be used 1n the
array in different implementations. Diflerent array element
types may also be used 1n different implementations (1.¢.,
clements other than patches). As described previously, addi-
tional monopole elements may also be provided. In some
embodiments, an opening (not shown) may be provided 1n
the ground plane 102 in addition to having the array ele-
ments 108. For example, the array may be implemented to
a side of the opening or around the opening. The opening
may then be used to facilitate implementation of an optical
system as described previously.

FIG. 14 1s a plot illustrating simulated return loss versus
frequency for the monopole elements 104, 106 of the
antenna 100 of FIG. 13, with the array in place. As shown,
the elements 104, 106 maintain a return loss of -6 dBa or
better for a frequency range from approximately 0.6 GHz to
approximately 4.0 GHz.

In the embodiments described above, flat two-dimen-
sional ground planes were used. It was determined, however,
that desired performance could still be achieved using
non-tlat ground plane structures. In addition, 1t was deter-
mined that ground plane structures could be used to perform
additional functions 1n combination RF-optical systems that
they were not heretofore used. FIG. 15 1s a diagram 1illus-
trating an exemplary combination RF-optical transducer
system 110 that uses a ground plane structure as both an RF
ground plane and an optical reflector in accordance with an
embodiment. As shown, the RF-optical transducer system
110 1ncludes: a ground plane 112, first and second monopole
radiating elements 114, 116, and a secondary optical reflec-
tor 118. As 1n previous embodiments, the ground plane 112
includes an opening 120 for use i implementing the optical
transducer system.

In addition to use as an RF ground structure, the ground
plane 112 also operates as a primary optical retlector in the
system 110. To operate as an optical reflector, an upper
surface of the ground plane 112 can be processed to be more
reflective (e.g., highly polished, etc.). Also, the ground plane
112 may have a shape to support the desired reflection. For
example, 1 the embodiment of FIG. 15, the ground plane
112 has a semi-spherical shape. In operation, the optical
portion of the RF-optical transducer system 110 may operate
like a Cassegrain RF antenna. Thus, to transmit, a light
signal may be delivered from a light source behind the
ground plane 112, through the opening 120, to a rear side of
the secondary retlector 118. The light signal 1s then retlected
back toward the primary reflector/ground plane 112. The
primary reflector/ground plane 112 then reflects the signal
outward toward an optical element (or optical aperture) 1n
the front of the missile. A light detection operation works in
the reverse. The signal 1s captured by an optical element and
directed toward the primary reflector/ground plane. The
primary reflector reflects the signal to the secondary reflector
which then focuses the light signal through the opeming in
the ground plane. The signal may then be detected by an
optical detector.

The monopole radiating elements 114, 116 operate with
the ground plane 112 1n substantially the same manner as the
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monopole elements in the previously described embodi-
ments. It was found that the shape of the ground plane 112
does not significantly degrade RF performance of the mono-
pole elements 114, 116, nor does the highly polished surtace.
The shape of the monopole elements 114, 116 may follow
the curvature of the edge of the ground plane 112 1n some
implementations. As before, in some embodiments, the
monopole elements 114, 116 may conform to a surface of a
dielectric radome of a missile. Other techniques for imple-
menting the monopole elements 114, 116 may alternatively
be used. Additional monopole elements may also be added
to the RF-optical transducer system 110.

The secondary reflector 118 may be held in a central
location within a missile nosecone by one or more dielectric
supports. In some embodiments, the secondary reflector 118
may be formed of a dielectric maternial 1nstead of a conduc-
tive material to reduce 1ts eflect on RF performance. The
secondary reflector 118 may be formed of, for example, a
meta-material that 1s designed to be reflective of optical
signals but relatively transparent to RF. A metamaterial
reflector has to be lossless or near lossless (not lossy) in
order to avoid coupling effects with the RF portion of the
antenna (e.g., monopoles 114, 116 1n FIG. 15). Since the
ground plane 1s metallic/mairror, 1t will reflect and focus light
or infrared (IR) signals on the metamaterial reflector, which
in turn will reflect/focus light through the hole/opening 120
of the ground plane 112 of FIG. 15. A metamaterial reflector
can be parabolic or flat and combined with another meta-
material lens 1n order to focus the light through the hole 120.
In such a scenario, the metamaterial reflector and the cor-
responding metamaterial lens should have the same focusing
ellect. These metamaterial structures can include various
layers of dielectric materials with varied refractive indexes
arranged 1n such a way that light/IR gradually bends back-
wards (retlected basically). This 1s a stmilar phenomenon to
the troposphere layers, where RF signals bend back to the
Earth through the various layers of troposphere.

Design techniques for metamaterial structures having
desired qualities are well known 1n the art. In one popular
approach, highly computational electromagnetic (EM)
design tools may be used to accurately design such reflectors
and reflector/lens combinations. In some implementations,
finite difference time domain (FDTD) techniques may be
used to generate metamaterial secondary reflectors and
reflector/lens combinations (e.g., XFDTD EM simulation
soltware from REMCOM, etc.). One textbook that may be
used to support metamaterial design 1s “Metamaterials:
Theory, Design and Applications,” edited by Tie Jun Cui et
al., Springer, N.Y., 2010.

As described above, the meta-material secondary retlector
in combination with the opening in the ground plane allows
light focusing without necessarily increasing the aperture 1n
the front. Once the light goes through the hole, then ampli-
fication and other processing can be performed. In principle,
it 1s best to avoid the use of too much hardware or active
devices 1n the antenna region because of coupling issues.
Higher levels of optical processing may be performed on the
opposite side of the ground plane from the antennas. This
allows the radome to be sharper (1.e., more pointed) 1n the
front, mstead of semi-spherical, which facilitates higher
missile speeds. In addition, optical range may be increased
because of the increase in light intensity.

FIG. 16 1s a plot illustrating simulated return loss versus
frequency for the combination RF-optical transducer system
110 of FIG. 15. As shown, a return loss of —6 dBa or better
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approximately 2.25 GHz. It 1s believed that this bandwidth
could be increased though tuning.

FIG. 17 1s a diagram 1illustrating an exemplary combina-
tion RF-optical transducer system 130 that also uses a
ground plane structure as both an RF ground plane and an
optical reflector 1n accordance with an embodiment. As
betore, the RF-optical transducer system 130 includes: a
highly reflective ground plane 132 having an opening 140,
first and second monopole radiating elements 134, 136, and
a secondary optical retlector 138. However, 1n this embodi-
ment, the ground plane 132 has a parabolic shape. The
transducer system 130 works in substantially the same
manner as the one of FIG. 15. The main difference 1s the
shape of the ground plane/reflector 132. The secondary
reflector 134 may use meta-materials as described above to
reduce coupling with the RF radiating elements.

FIG. 18 1s a plot illustrating simulated return loss versus
frequency for the combination RF-optical transducer system
130 of FIG. 17. As shown, a return loss of —6 dBa or better
1s achieved over a band from approximately 0.8 GHz to
approximately 2.7 GHz. It 1s believed that this bandwidth
could be increased through tuning.

FIG. 19 1s a block diagram illustrating exemplary pro-
cessing circuitry 140 that may be used with one or more of
the combination RF-optical transducer systems described
herein. It should be appreciated that the circuitry 140 of FIG.
19 represents one example processing architecture that may
be used 1n different embodiments. Other processing archi-
tectures may alternatively be used. As 1llustrated, the pro-
cessing circuitry 140 may include: a plurality of radiating

clements 142a, 14256, . . ., 142n; a plurality of duplexer
switches 144a, 144b, . . . , 144n; a plurality of low noise
amplifiers (LNAs) 146a, 146b, . . . , 146n; a plurality of
power amplifiers (PAs) 148a, 148b, . . . , 148n; a plurality

ol analog-to-digital converters (ADCs) 150a, 1505, . . . ,
1507; a plurality of digital-to-analog converters (DACs)
152a, 152b, . . ., 152n; a signal processor 160; a main
processor 162; one or more optical sources 164; one or more
optical detectors 166; an optical path 168, and one or more
optical elements 170. The radiating elements 142a,
1425, . . ., 142» represent monopole elements such as those
described in various embodiments herein. As described
previously, any number of monopole elements may be used
in different implementations. Preferably, the monopole ele-
ments are provided 1n pairs that are situated on opposing
sides of an underlying ground plane.

In the embodiment shown, the radiating elements 1424,
1426, . . . , 142n operate as both transmit and receive
clements. In some embodiments, the radiating elements may
operate as transmit only elements or receirve only elements.
In these embodiments, appropriate changes may be made to
the processing circuitry.

The duplexer switches 144a, 1445, . . ., 144n are switches
that allow the corresponding radiating elements 142a,
1425, . . ., 142 to be switched between transmit and receive
operation. The switches 144a, 1445, . . . , 144n may be
controlled by a controller in the system (e.g., main processor
162, ctc.). Other types of duplexer structures may alterna-
tively be used. The LNAs 146a, 1465b, . . . , 146n provide
high gain, low noise amplification to receive signals during
receive operations. The ADCs 150q, 1505, . . ., 150% convert
the amplified receive signals to a digital representation so
that the signals can be digitally processed by the signal
processor 160. The signal processor 160 may perform digital
downconversion on the digitized receive signals to down-
convert the signals to a baseband representation. The signal
processor 160 may then process the digital baseband signals
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in a desired manner. In an alternative arrangement, analog
downconversion may be performed before the receive sig-
nals reach the ADCs 150a, 1505, . . ., 1507. A combination
ol analog and digital downconversion may also be used.

During RF transmit operations, the signal processor 160
may provide digital transmit signals to the DACs 152a,
15256, . . ., 152n. The DACs 152a, 1525, . . ., 152n then
convert the transmit signals to an analog representation. The
analog transmit signals are then amplified by the power
amplifiers 148a, 148b, . . . , 148n before being transmitted
from the 142a, 1425, . . ., 142n. Although not shown, analog
upconversion circuitry may be provided between the DACs
152a, 152b, . . . , 152n» and the corresponding power
amplifiers 148a, 148b, . . . , 148» 1n some 1implementations.

The signal processor 160 may be configured to process
the transmit and receive signals to achieve one or more
desired results. In some embodiments, for example, the
signal processor 160 may be configured to perform MIMO
processing for transmit and or receive signals. In other
embodiments, digital beamiorming may be supported. In
others, monopulse radar operation may be supported. Simi-
larly, target detection and tracking processing may be sup-
ported. Multiple different functions may be supported by the
signal processor 160 in some embodiments. The main pro-
cessor 162 may provide control functions for the signal
processor 160 and may facilitate the performance of one or
more of the above-described functions.

The signal processor 160 and the main processor 162 may
be 1mplemented within one or more digital processing
devices. The digital processing device(s) may include, for
example, a general purpose microprocessor, a digital signal
processor (DSP), a reduced instruction set computer (RISC),
a complex instruction set computer (CISC), an application
specific integrated circuit (ASIC), a field programmable gate
array (FPGA), a programmable logic array (PLA), a micro-
controller, an embedded controller, a multi-core processor, a
processor complex, and/or others, including combinations of
the above. Memory 172 1s representative of digital storage
within the system and may be used to store, for example,
programs, routines, and/or data for the signal processor 160
and the main processor 162. Any type of memory, data
storage, or combination thereof may be used.

The optical source(s) 164, optical detector(s) 166, optical
path 168, and optics 170 form an optical transducer system
that 1s collocated with the antenna system described above.
The optical source(s) 164 may be used during optical signal
transmission operations and the optical detector(s) 166 may
be used during optical signal reception operations. In some
alternative embodiments, optical transmission alone or opti-
cal reception alone may be supported.

The optical source(s) 164 1s operative for generating light
signals for transmission from the RF-optical transducer
system. The optical source(s) 164 may generate the light
signal based on a signal received from signal processor 160.
Any type of light source capable of the required range may
be used (e.g., a laser, a laser diode, etc,). During light
transmission, the optical path 168 carries the generated light
signals to the optics 170 for transmission. The optical path
168 may include a fiber optic cable or other optical medium
or media. The optical path 168 may also include one or more
unobstructed sections of air through which a light signal can
travel and/or various retflector units for reflecting light
signals. The optics 170 may include one or more lenses or
other optical elements for launching a light signal into space.

During light signal reception, the optics 170 may capture
a light s1gnal from space and focus the signal onto or into the
optical path 168. The path 168 then carries the signal to the
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optical detector(s) 166 for detection. The detected signal
may then be delivered to the signal processor 160 to be
processed. The signal processor 160 and/or the main pro-
cessor 162 may be configured to implement one or more
optical functions of interest.

As described previously, 1n some embodiments, combi-
nation RF-optical transducer systems are provided that
include a ground plane having an opening therein. In these
embodiments, the optical transducer system described above
may extend through the opening in the ground plane. More
specifically, any one or more of the optics 170, the optical
path 168, the optical source(s) 164, or the optical detector(s)
166 of FIG. 19 may be located within or extend through the
opening in the ground plane. In some embodiments, the
ground plane may also act as an optical retlector and thus
form a part of the optical path. In some embodiments, the
optical source(s) 164 and the optical detector(s) 166 may be
located behind the ground plane and the optical path 168
may extend through the opening in the ground plane to
connect to the optics 170. Other arrangements may alterna-
tively be used.

FIGS. 20a and 206 are diagrams illustrating some missile
applications that may make use of a combination RF/optical
system 1n accordance with embodiments disclosed herein.
FIG. 20a 1illustrates a scenario mnvolving a missile 180
having a semi-active laser seeker integrated therein to allow
for designation of a specific target that the RF guided missile
should strike. The optical subsystem in this arrangement
thus increases the precision of the guidance, allowing flex-
ible and fast reaction targeting. FIG. 2056 illustrates a sce-
nario where there are multiple missiles 190, 192 and mul-
tiple targets 194, 196. In this scenario, target discrimination
may be achieved by using diflerent optical encoding
schemes per missile and per target so that the two missiles
190, 192 do not hit the same target. The various RF/optical
systems described herein may be used to carry out this
optical target discrimination technique.

Although described above primarily in the context of
missile applications, 1t should be understood that many of
the described concepts, features, structures, systems, and
techniques may also be used 1n other applications. These
applications include, for example, cellular base stations,
subscriber stations, global positioning system (GPS) radios,
radar systems, communication data links, and others.

Elements of diflerent embodiments described herein may
be combined to form other embodiments not specifically set
forth above. Various elements, which are described 1n the
context of a single embodiment, may also be provided
separately or 1n any suitable sub-combination. Other
embodiments not specifically described herein are also
within the scope of the following claims.

Having described exemplary embodiments of the mven-
tion, 1t will now become apparent to one of ordinary skill in
the art that other embodiments incorporating their concepts
may also be used. The embodiments contained herein should
not be limited to disclosed embodiments but rather should be
limited only by the spirit and scope of the appended claims.
All publications and references cited herein are expressly
incorporated herein by reference 1n their entirety.

What 1s claimed 1s:

1. A transducer system comprising:

an antenna subsystem including;:

a ground plane having an opeming in a central region
thereot; and

first and second monopole radiating elements disposed
adjacent to a surface of the ground plane, wherein the
first and second monopole radiating elements are
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disposed at outer edges of the ground plane and
disposed on opposing edges of the ground plane; and

an optical transducer subsystem extending through the
opening 1n the ground plane of the antenna.

2. The transducer system of claim 1, wherein:

the antenna subsystem further comprises third and fourth
monopole radiating elements disposed adjacent to the
surface of the ground plane, wherein the third and
fourth monopole radiating elements are disposed near
opposing edges of the ground plane at different loca-
tions from the first and second monopole radiating
clements.

3. The transducer system of claim 1, wherein:

the optical transducer subsystem includes an optical ele-
ment to capture a light signal, an optical detector to
detect the light signal, and an optical path coupling the
optical element and the optical detector, wherein at
least one of the optical element, the optical path, and
the optical detector extends through the opening in the
ground plane.

4. The transducer system of claim 1, wherein:

the optical transducer subsystem includes an optical
source to generate a light signal, an optical element to
transmit the light signal, and an optical path coupling
the optical source and the optical element, wherein at
least one of the optical source, the optical path, and the
optical element extends through the opening in the
ground plane.

5. The transducer system of claim 1, wherein:

the first and second monopole radiating elements each
include an opening therein for use as an optical aper-
ture.

6. The transducer system of claim 1, wherein:

the transducer system 1s located within a missile.

7. The transducer system of claim 6, wherein:

the first and second monopole radiating elements are
conformal to an inner or outer surface of a nosecone
radome of the missile.

8. The transducer system of claim 1, wherein:

the ground plane 1s circular in shape.

9. The transducer system of claim 1, wherein:

the opeming in the ground plane 1s circular 1n shape.

10. An antenna system comprising:

a ground plane;

first and second monopole radiating elements disposed
adjacent to a surface of the ground plane, wherein the
first and second monopole radiating elements are dis-
posed adjacent to a surface of the ground plane,
wherein the first and second monopole radiating ele-
ments are disposed at outer edges of the ground plane
and disposed on opposing edges of the ground plane;

wherein the first monopole radiating element and the
ground plane have a first radiation pattern and the
second monopole radiating element and the ground
plane have a second radiation pattern;

the antenna system further comprises a beamforming unit
coupled to the first and second monopole radiating
clements to form a composite radiation pattern for the
first and second monopole radiating elements that 1s a
combination of the first and second radiation patterns,
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wherein the composite radiation pattern has a null 1n a
direction normal to the surface of the ground plane; and
wherein the antenna system 1s located in a missile; and

the composite radiation pattern has a null 1n a direction of
travel of the missile.

11. An antenna system comprising:
a ground plane; and
first and second monopole radiating elements disposed
adjacent to a surface of the ground plane, wherein the
first and second monopole radiating elements are
disposed adjacent to a surface of the ground plane,
wherein the first and second monopole radiating
clements are disposed at outer edges of the ground
plane and disposed on opposing edges of the ground
plane, wherein the ground plane includes an opening
in a central region thereof and an optical transducer
subsystem extends through the opening in the
ground plane.
12. The antenna system of claim 11, wherein:
the first monopole radiating element and the ground plane
have a first radiation pattern and the second monopole
radiating element and the ground plane have a second
radiation pattern; and
the antenna system further comprises a beamforming unit
coupled to the first and second monopole radiating
clements to form a composite radiation pattern for the
first and second monopole radiating elements that 1s a
combination of the first and second radiation patterns,
wherein the composite radiation pattern has a null in a
direction normal to the surface of the ground plane.
13. The antenna system of claim 11, wherein:
the first and second monopole radiating elements each
include an opening therein.
14. The antenna system of claim 13, wherein:
the first and second monopole radiating elements each
have a goal post configuration.
15. The antenna system of claim 13, wherein:
the openings within the first and second monopole radi-
ating clements serve as optical apertures.
16. The antenna system of claim 13, wherein:
the openings within the first and second monopole radi-
ating elements serve as secondary radio frequency (RF)
apertures.
17. The antenna system of claim 11, wherein:
the antenna system 1s located 1n a missile; and
the first and second monopole radiating elements are
conformal to an 1nner or outer surface of a nosecone
radome of the missile.
18. The antenna system of claim 11, wherein:
the antenna system further comprises at least one addi-
tional monopole radiating element disposed adjacent to
the surface of the ground plane, wherein the at least one
additional monopole radiating element 1s disposed near
an edge of the ground plane at a different location than
the first and second monopole radiating elements.
19. The antenna system of claim 11, further comprising:
an array ol radiating elements located adjacent to the
ground plane 1n a region between the first and second
monopole radiating elements.
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